TLRs are recognized as promoters of tissue damage, even in the absence of pathogens. TLR binding to damage-associated molecular patterns (DAMPs) released by injured host cells unleashes an inflammatory cascade that amplifies tissue destruction. However, whether TLRs possess the reciprocal ability to curtail the extent of sterile inflammation is uncertain. Here, we investigated this possibility in mice by studying the role of conventional DCs (cDCs) in liver ischemia/reperfusion (I/R) injury, a model of sterile inflammation. Targeted depletion of mouse cDCs increased liver injury after I/R, as assessed by serum alanine aminotransferase and histologic analysis. In vitro, we identified hepatocyte DNA as an endogenous ligand to TLR9 that promoted cDCs to secrete IL-10. In vivo, cDC production of IL-10 required TLR9 and reduced liver injury. In addition, we found that inflammatory monocytes recruited to the liver via chemokine receptor 2 were downstream targets of cDC IL-10. IL-10 from cDCs reduced production of TNF, IL-6, and ROS by inflammatory monocytes. Our results implicate inflammatory monocytes as mediators of liver I/R injury and reveal that cDCs respond to DAMPS during sterile inflammation, providing the host with protection from progressive tissue damage.
Introduction
Optimal clearance of bacterial, viral, and parasitic pathogens is a delicate balance between engaging an inflammatory response and preventing unnecessary damage to healthy tissues. In the absence of infection, insults such as trauma, hemorrhage, or ischemia/reperfusion (I/R) can trigger the release of endogenous damage-associated molecular patterns (DAMPs), which may precipitate a dysregulated immune response through their interaction with pattern recognition receptors (1) . DAMPs can be classified as intracellular proteins, nucleic acids, or components of the extracellular matrix that are released following cellular injury. Of the various pattern recognition receptors on immune cells, those of the TLR family are the most well characterized and extensively studied. Collateral tissue damage during sterile injury stems from the inability of TLRs to distinguish infectious ligands from DAMPs released by autologous tissue. As a result, similar downstream pathways are triggered to those that are during infection, and a proinflammatory response is initiated.
Liver I/R injury is a clinically relevant condition, in which the host response to DAMPs induces exuberant immune activation, resulting in hepatocyte death and ultimately liver failure. I/R injury occurs during organ transplantation, hepatic resection, and various forms of circulatory shock. It contributes to the shortage of organs available for transplantation and is a major determinant of postoperative allograft dysfunction and morbidity (2) . The need for effective approaches to manage patients with I/R-induced organ damage is highlighted by the fact that current treatment is merely supportive care.
The innate immune response to DAMPs, such as high-mobility group box 1 (HMGB1), RNA, and heat shock proteins, has traditionally been recognized as proinflammatory (3) (4) (5) . A slew of cytokines and chemokines, including TNF, IL-6, and monocyte chemoattractant protein-1 (MCP-1), are secreted following hepatic ischemia and contribute to the pathogenesis of liver I/R (6) (7) (8) . Early activation of Kupffer cells, endothelia, and the complement cascade during liver I/R promotes neutrophil recruitment and the generation of ROS that mediate additional cell death (9) . While the proinflammatory signaling cascades and cellular mediators of I/R injury have been studied extensively, there are scant data on mechanisms that limit the immune response. Cytokines, such as IL-4, IL-10, and IL-13, have been shown to play a protective role in rodent models of I/R, but the cells and pathways involved remain unresolved (10) (11) (12) .
In contrast to other nonlymphoid organs, the liver is enriched in leukocytes and is continually faced with the challenge of differentiating harmless ingested antigens from potentially lethal bacterial toxins that translocate from the gut. Although the liver can mount an appropriate and at times exuberant immune response, the overall liver balance appears to favor a state of immune permissiveness. As critical regulators of both innate and adaptive immunity, hepatic DCs are poised to orchestrate immune responses in a manner that limits undesirable inflammation and promotes tolerance (13) . Evidence of the regulatory role of hepatic DCs comes from work in murine models of liver transplantation in which donor-derived DCs are thought to contribute to allograft acceptance (13, 14) .
We hypothesized that under conditions of sterile inflammation, hepatic DCs respond to DAMPs in a manner that limits host tissue damage. Using a model of segmental liver ischemia in transgenic CD11c-diphtheria toxin receptor (DTR) mice, we identified conventional DCs (cDCs) as critical modulators of the inflammatory response during liver I/R injury. Hepatocyte DNA activated hepatic cDCs via TLR9 to secrete IL-10. Moreover, we identified inflammatory monocytes as mediators of liver injury that are recruited to the ischemic liver via chemokine receptor 2-mediated (CCR2-mediated) egress from the bone marrow. Production of IL-10 by cDCs during I/R suppressed inflammatory monocyte function and reduced liver injury. chymal cells (NPCs) from the ischemic lobes of PBS-treated CD11c-DTR mice, subjected to 1 hour of ischemia and 12 hours of reperfusion. We chose to base our experiments on the 12-hour time point, as this is when maximal liver injury occurred (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI40008DS1). I/R resulted in a 65% reduction in the percentage and number of hepatic cDCs ( Figure 1, A and B) . As expected based on our prior experience (15), a single injection of diphtheria toxin (DT) depleted approximately 80% of liver cDCs in CD11c-DTR mice that underwent sham laparotomy. Meanwhile, in DT-treated mice, I/R resulted in almost complete loss of liver cDCs.
We performed serial analysis of the viability of liver cDCs to explain their disappearance in PBS-treated mice after I/R. We noted a time-dependent increase in liver cDC death that peaked at 12 hours after initiation of ischemia ( Figure 1C ). In line with earlier work by Loi et al. (16) , we found that the remaining cDCs within the ischemic lobes were mature, with increased expression of CD40, CD80, and CD86 ( Figure 1D ). Similar maturation of cDCs occurred in the segments of the liver that were not subjected to ischemia (data not shown).
cDCs are protective in liver I/R. The functional importance of liver cDCs during I/R is unknown. Therefore, we measured serum alanine aminotransferase (ALT) in DT- or PBS-treated mice subjected to a sham procedure or I/R. We found that cDC ablation markedly exacerbated liver injury following I/R (Figure 2A ). To exclude the possibility that the increased liver injury in DT-treated mice resulted from nonspecific cell depletion or nonspecific immune priming, we reconstituted them with WT cDCs just prior to liver I/R. DT-treated mice injected i.v. with WT cDCs experienced similar liver injury to mice that underwent I/R without DC ablation ( Figure 2A ). Further substantiating the protective role of cDCs, we found that adoptive transfer of WT cDCs into PBS-treated mice prior to I/R markedly reduced ALT levels. Histologic evaluation of the ischemic lobes after 12 hours of I/R confirmed the serum ALT data, as DT-treated mice displayed larger patches of hepatocyte necrosis than PBS-treated controls ( Figure 2B ).
Because proinflammatory cytokines and chemokines have been implicated as mediators of liver I/R injury (9), we next determined how cDC depletion altered the systemic immune response. DTtreated mice had significantly higher serum IL-6, MCP-1, and TNF
Figure 1
Liver I/R induces cDC death. CD11c-DTR mice, which were pretreated with DT or PBS 18 hours earlier, underwent a sham laparotomy (Sham) or 1 hour of ischemia, followed by 12 hours of reperfusion (I/R). Ischemic liver cDCs were assessed by flow cytometry and are shown as (A) the percentage of hepatic leukocytes within each gated region or (B) the absolute number of cDCs within the ischemic liver. Ischemic liver cDCs from PBStreated CD11c-DTR mice were analyzed for (C) the percentage of apoptosis (AnnexinV + PI -) and necrosis (Annexin V + PI + ) by flow cytometry or (D) CD40, CD80, and CD86 expression 12 hours after the sham procedure or I/R. Isotype controls are shown as shaded histograms. The bar graph represents cDC maturation data pooled from 3 independent experiments. Data represent mean ± SEM (B-D). Data in all panels are representative of at least 3 independent experiments; n = 5 mice per group. *P < 0.05; **P < 0.01. levels, but lower IL-10 levels 12 hours after I/R ( Figure 2C) . A similar pattern was observed in NPCs isolated from the ischemic lobes of DT-treated mice after overnight culture, when compared with ischemic NPCs from PBS-treated mice ( Figure 2D ).
IL-10 production by cDCs confers protection from I/R injury. Because IL-10 is a potent antiinflammatory cytokine, we considered the reduction in systemic and local levels of IL-10 after depletion of cDCs as a possible mechanism to explain the increased liver injury in DT-treated mice. Hepatic DCs have been shown to exhibit tolerogenic properties and are thought to protect the liver from untoward inflammatory responses to foreign antigens entering the portal circulation (17) . We recently discovered that freshly isolated human liver DCs exhibit a propensity for IL-10 secretion at baseline and after TLR stimulation (18) . Because TLR9 has been implicated as an important regulator of inflammation through its detection of both bacterial and host DNA (19, 20) , we sought to determine whether TLR9 activation and cDC production of IL-10 were necessary to confer protection against liver I/R injury. DTtreated mice were injected with PBS, Il10 -/-, Tlr9 -/-, or WT cDCs prior to the initiation of I/R. Measurement of serum ALT 12 hours later revealed that, unlike WT cDCs, Il10 -/-and Tlr9 -/-cDCs failed to confer protection ( Figure 3A ). There was similar reconstitution of adoptively transferred cDCs within the liver among the groups (Supplemental Figure 2) . Moreover, the adoptive transfer of NK cells failed to impact liver I/R injury (data not shown). Mice that received Il10 -/-or Tlr9 -/-cDCs also had increased amounts of serum inflammatory cytokines ( Figure 3B ). To determine whether IL-10 production by cDCs in vivo depended on TLR9 activation, we injected WT (CD45.1) mice with congenic (CD45.2) Tlr9 -/-or WT cDCs just prior to sham laparotomy or 12 hours of I/R. Intracellular cytokine analysis of the adoptively transferred cDCs isolated from sham and ischemic livers demonstrated that liver cDCs required TLR9 expression to produce IL-10 during I/R (Figure 3C) . Taken together, these data suggest that TLR9 activation in cDCs induces IL-10 secretion that decreases the host response to danger signals released during sterile liver inflammation. . Data in all panels are representative of at least 3 independent experiments; n = 4-6 mice per group. *P < 0.05; **P < 0.01; ***P < 0.001.
Host DNA induces liver cDC IL-10 production through TLR9. It is becoming increasingly apparent that under certain conditions, endosomal TLRs can be activated by self nucleic acids (21, 22) . Since liver I/R causes hepatocyte death, we hypothesized that the release of endogenous DNA was responsible for the induction of IL-10 secretion by WT cDCs. WT and Tlr9 -/-cDCs were cultured in media with or without supernatant from necrotic WT hepatocytes (conditioned media) for 18 hours prior to measurement of supernatant IL-10. WT cDCs secreted considerably more IL-10 than Tlr9 -/-cDCs in conditioned media ( Figure 4A ). The addition of DNAse confirmed that DNA was a major contributor to IL-10 secretion by WT cDCs. Intracellular DNA recognition occurs via TLR9 and also has been recently attributed to the pyrin and HIN domain-containing protein family member called absent in melanoma 2 (AIM2) (23) . Using an inhibitory CpG (iCpG) sequence, which blocks TLR9 activation, we found that the cDC response to conditioned media largely depended on TLR9 ( Figure 4A ). Although TLR3 was recently recognized as an endogenous sensor of tissue necrosis (4), we found minimal changes in cytokine production by cDCs, cultured with conditioned media pretreated with RNAse (data not shown).
The liver is enriched in a vast array of immune cells that interact with each other and modulate the organ's overall response to infection and inflammation. To determine whether our data on isolated liver cDCs were relevant in the context of the global hepatic immune repertoire, we incubated NPCs overnight in conditioned media. In some cases we depleted native cDCs (NPCscDCs) or replaced them with transgenic cDCs. Despite comprising only 4% of liver leukocytes ( Figure 1A ), cDCs were responsible for more than one-third of IL-10 production by NPCs in response to conditioned media ( Figure 4B ). Only the addition of WT cDCs, and not Il10 -/-or Tlr9 -/-cDCs, to NPCs depleted of NPCs-cDCs restored IL-10 production. Consistent with our data from experiments in which we used isolated cDCs, we found that bulk NPCs produced substantially less IL-10 when cultured with conditioned media that contained either DNAse or iCpG. Collectively, these data support the notion that liver cDCs contribute to the overall IL-10 response of NPCs via TLR9-mediated activation by endogenous hepatocyte DNA.
Inflammatory monocytes are recruited to the ischemic liver and worsen I/R injury. ROS generation has been shown to play an important role in potentiating liver I/R injury (24) . We therefore investigated whether hepatic cDCs could modulate the oxidative capacity of immune cells during I/R and thereby limit liver injury. We chose to focus on neutrophils, Kupffer cells, and inflammatory monocytes, as they have all been implicated as major producers of ROS during inflammation and infection (24, 25) . DT treatment followed by 12 hours of I/R increased ROS production in inflammatory monocytes (CD11b int Ly6C hi ) to a much greater extent than in neutrophils (CD11b hi Ly6G + ) and Kupffer cells (CD11b lo F4/80 + ) ( Figure 5A ).
The contribution of inflammatory monocytes to hepatic I/R injury remains poorly defined. To evaluate the impact of the increased oxidative burst in monocytes that accompanied cDC ablation, we first examined inflammatory monocyte recruitment to the liver during I/R. We noted a moderate increase in the percentage (Figure 5B ) and absolute number (data not shown) of inflammatory monocytes within the ischemic lobes of the liver following I/R that was associated with a concomitant decrease in their presence within the bone marrow. Next, we performed a series of in vivo antibodymediated depletion experiments to determine the relative importance of inflammatory monocytes in liver I/R injury. WT mice were pretreated with anti-Gr1 to deplete both Ly6G- and Ly6C hi -expressing cells. In parallel, a second group of mice were injected with the cDC-mediated protection in liver I/R is TLR9 and IL-10 dependent. CD11c-DTR mice were administered DT via i.p. injection. Twelve hours later, mice received an i.v. injection of either PBS or 1 × 10 7 WT, Tlr9 -/-, or Il10 -/-cDCs just prior to I/R. (A) Serum ALT levels and (B) cytokines levels were measured 12 hours later. (C) WT or Tlr9 -/-(both CD45.2) cDCs were injected into WT (CD45.1) recipients just prior to sham laparotomy or I/R. Twelve hours later, ischemic liver CD45 + NPCs were isolated and cultured in media in the presence of Brefeldin A. Intracellular IL-10 production by CD45.2 + CD11c hi hepatic cDCs was assayed 6 hours later and is expressed as the percentage within each gated region based on IL-10 isotype control antibody staining. The bar graph represents pooled data from 3 independent experiments. Data represent mean ± SEM and are representative of at least 2 independent experiments; n = 4-6 mice per group. *P < 0.05; **P < 0.01; ***P < 0.001. monoclonal antibody 1A8 that depletes Ly6G-expressing neutrophils exclusively (26) . We observed a significant decrease in ALT after I/R in mice treated with either antibody ( Figure 5C ). Since both antibodies eliminated intrahepatic neutrophils ( Figure 5D ), the lower level of liver injury after anti-Gr1 treatment appeared to result from the additional depletion of inflammatory monocytes.
In addition to CD11b and Ly6C, inflammatory monocytes are characterized by expression of CCR2 (27) . Mice lacking CCR2 are more susceptible to infection but, conversely, are more resistant to inflammatory conditions such as atherosclerosis and autoimmune encephalitis (28, 29) . To confirm that inflammatory monocytes contribute to liver injury, we performed I/R in Ccr2 -/-mice. When compared with WT controls, Ccr2 -/-mice undergoing 12 hours of I/R had virtually no inflammatory monocytes within their ischemic lobes but contained a relative abundance of CD11b int Ly6C hi cells within their bone marrow ( Figure 6A ). There were no differences in the number of neutrophils or Kupffer cells within the ischemic livers of WT and Ccr2 -/-mice after I/R (data not shown). These results, coupled to the fact that Ccr2 -/-mice were protected from hepatic I/R ( Figure 6B ), suggest that inflammatory monocytes aggravate liver injury via CCR2-mediated recruitment to the ischemic liver.
cDC IL-10 inhibits inflammatory monocyte function during I/R. To further characterize the effect of cDCs during I/R, we examined changes in the production of cytokines by inflammatory monocytes. Intracellular cytokine analysis of ischemic lobe NPCs revealed that DT treatment prior to I/R increased the production of TNF and IL-6 by inflammatory monocytes ( Figure 7A ). In line with our data on oxidative burst ( Figure 5A ), cDC ablation in I/R exerted its greatest effect on inflammatory monocytes at the same time as minimal changes in cytokine production were observed in neutrophils and Kupffer cells (data not shown).
To ascertain whether IL-10 production by cDCs accounted for the suppression of inflammatory monocyte function, we first examined changes in IL-10 receptor expression after I/R. IL-10 receptor expression was significantly increased on inflammatory monocytes but not neutrophils and Kupffer cells within the ischemic liver ( Figure 7B ). Next, we adoptively transferred WT or Il10 -/-cDCs into DT-treated CD11c-DTR mice. Mice were then subjected to 12 hours of I/R before levels of serum ALT, inflammatory monocyte ROS, and cytokine production were determined. Although mice injected with Il10 -/-cDCs experienced higher ALT levels than those injected with WT cDCs ( Figure  3A) , the number of inflammatory monocytes and neutrophils recruited to the ischemic livers was similar between the groups (data not shown). Inflammatory monocytes from mice injected with Il10 -/-cDCs produced more ROS, IL-6, and TNF compared with mice receiving WT cDCs ( Figure 7, C and D) . Collectively, these data suggest that IL-10 secretion by cDCs confers protection by suppressing inflammatory monocyte function during hepatic I/R.
Discussion
The host faces a myriad of signals released during tissue injury (30) . Liver I/R induces a combination of necrosis and apoptosis (31) . After uptake of apoptotic cells, cDCs have been shown to secrete lower amounts of proinflammatory cytokines (32) and produce more IL-10 (33). In contrast, endogenous ligands released by necrotic cells evoke proinflammatory responses in DCs (34) . How innate immune cells integrate these often opposing signals and the mechanisms that regulate the ensuing immune response are unclear. Our data suggest that during liver I/R, the net effect of these contrasting signals on cDCs is governed by TLR9. This is exemplified by increased I/R injury in DT-treated CD11c-DTR mice injected with Tlr9 -/-cDCs compared with animals receiving WT cDCs. Moreover, we show that the antiinflammatory response evoked in cDCs is dependent on endogenous DNA and serves as a natural regulatory pathway that is activated to increase hepatic resistance to I/R. A schematic outlining the mechanism revealed by our experiments is shown in Figure 8 .
The importance of TLR9 in various models of monomicrobial infection has been well established (35, 36) . Although the precise mechanism of protection appears to depend on the infectious model, the principle by which TLR9 activation confers resistance to foreign pathogens is essentially the same among models of infection. Bacterial DNA engages host cell TLR9, inducing an proinflammatory immune response that curtails the spread of infection and ultimately eliminates the invading organism. Thus, the host has the capacity to respond to infection and trauma in entirely different ways despite the common involvement of TLR9. While teleologically this makes sense, as the outcome of TLR9 activation in both settings serves to limit host injury, how the immune system is able to distinguish between threats from pathogens and endogenous danger signals following trauma remains unclear. One
Figure 4
Endogenous DNA promotes cDC IL-10 production through TLR9. (A) Immunomagnetic bead-purified cDCs from WT or Tlr9 -/-mice were cultured in media alone or with conditioned media (Con media) from necrotic hepatocytes. Some wells containing conditioned media were pretreated with DNAse I prior to coculture with cDCs, while iCpG was added to other wells. Supernatant IL-10 was measured 18 hours later using a cytometric bead array. (B) Liver CD45 + NPCs were isolated from WT mice and cultured in conditioned media, with or without DNAse I pretreatment or iCpG, as in A. In selected wells, NPCs were depleted of cDCs prior to the addition of conditioned media. WT, Tlr9 -/-, or Il10 -/-cDCs were added back to certain wells containing NPCs-cDCs. Supernatant IL-10 was measured 18 hours later. Data depict mean ± SEM from triplicate wells and are representative of 3 independent experiments. *P < 0.05; **P < 0.01. possible explanation is that because of differences in their conformation, bacterial and endogenous TLR9 ligands trigger distinct downstream signaling pathways and transcriptional profiles (37) . In fact, both TLR2 and TLR4 have been shown to respond differentially to their respective endogenous and pathogenic ligands, although the mechanisms have yet to be defined (38, 39) . However, another possibility is that TLR9 ligands activate other receptors that modulate the TLR9 signaling pathway. Indeed, after acetaminophen-induced liver necrosis, activation of CD24 by HMGB1 and heat shock proteins negatively regulated their inflammatory activity by suppressing NF-κB activation (34) . When compared with WT mice, CD24-deficient animals were more susceptible to pathologic cell death induced by acetaminophen but were equally responsive to pathogen-associated molecular patterns, such as LPS.
We provide functional evidence supporting the protective role of cDCs in I/R via their production of IL-10. In congruence with our findings, reports by others using recombinant IL-10 or neutralizing IL-10 antibodies showed that exogenous as well as endogenous IL-10 increased hepatic resistance to I/R injury (40) (41) (42) . The source and cellular mechanisms accounting for IL-10-mediated protection in these studies were not determined. Although IL-10 appeared to be the critical cytokine in modulating the effect of cDCs on I/R injury, both WT and Tlr9 -/-DCs are capable of producing proinflammatory cytokines in response to danger signals such as HMGB1 (43, 44) . We found that the levels of IL-6 and TNF production by WT, Tlr9 -/-, and Il10 -/-cDCs, in response to conditioned media or stimulation with recombinant HMGB1 in vitro, were comparable (Supplemental Figure 3) . Furthermore, there were no significant differences in IL-10 production between WT and Tlr9 -/-cDCs after stimulation with recombinant HMGB1 (data not shown). These findings imply that either a critical amount of IL-10 in vivo needs to be reached before significant liver protection is attained or the balance between antiinflammatory and proinflammatory cytokines determines the degree of I/R injury. Various other models of liver injury support the notion that an optimal IL-10 to proinflammatory cytokine ratio is required to limit tissue damage (45, 46) .
In contrast to our data, an earlier report by Tsung et al. suggests that DCs promote I/R injury through a TLR4-dependent pathway involving HMGB1 (47) . We believe that this discrepancy on the role of DCs in liver I/R stems from differences between the models used. While we investigated cDC function under steady-state conditions specifically, Tsung and colleagues treated mice with GM-CSF for several days prior to performing I/R. We have shown that use of GM-CSF to expand hepatic DCs in vivo can profoundly influence their recruitment, development, and function (48, 49) . In addition, the effects of GM-CSF on increasing macrophage number and function (50) as well as our emphasis on studying CD11c hi cDCs, as opposed to bulk CD11c + DCs, may also account for some of the observed differences.
The recruitment of neutrophils and monocytes to sites of infection or tissue injury is a cardinal feature of inflammation. While the role of neutrophils in I/R has been established, the contribution of inflammatory monocytes to liver I/R injury has been poorly defined. Our results indicate that CCR2-mediated signaling is critical for the recruitment of inflammatory monocytes from the bone marrow to the ischemic liver. This is in line with published data linking CCR2 with egress of CD11b + Ly6C hi monocytes from the bone marrow to sites of infection (51) . Whether CCR2 is also involved in monocyte migration from the liver sinusoids into the hepatic parenchyma is unknown. Our findings that we believe to be novel on the detrimental role of inflammatory monocytes in liver I/R and their dependence on CCR2 are consistent with results from other models of I/R involving the kidney and brain (52, 53) . In addition, our results reveal that the capacity of cDCs to limit I/R injury depends on the suppressive effects of IL-10 on inflammatory monocytes specifically. Ablation of cDCs in CD11c-DTR mice prior to I/R increased inflammatory monocyte function but failed to alter cytokine and ROS production by Kupffer cells and neutrophils. While IL-10 appeared to be a critical component of the regulatory effect of cDCs, our in vitro data suggest that other hepatic NPCs are also capable of producing IL-10. The protective effect of cDCs may therefore be related to additional factors such as their location within the liver or the kinetics of 
Figure 6
Inflammatory monocytes depend on CCR2 to promote liver I/R injury. WT and Ccr2 -/-mice underwent 12 hours of I/R or sham laparotomy, at which time (A) the number of inflammatory monocytes within the ischemic liver and bone marrow (i.e., per femur) and (B) serum ALT levels were determined. Data represent mean ± SEM and are representative of at least 2 independent experiments; n = 4-6 mice per group. *P < 0.05; **P < 0.01; ***P < 0.001.
cDC IL-10 production during I/R. In addition to IL-10, cDCs may restrict inflammatory monocyte function via additional pathways. Alternate mechanisms such as activation of antiinflammatory macrophages by apoptotic cDCs during I/R are also possible.
It is worth mentioning that substantial strides have been made recently in understanding the role of other intracellular pattern recognition receptors in the context of inflammation. In particular, the nucleotide-binding domain leucine-rich repeat con- taining receptors (NLRs), which form part of the inflammasome protein complex, have been shown to play an important role in a number of models of infection and inflammation (54) . It is likely that inflammasomes contribute to liver I/R injury, as the requisites for their activation, such as ROS and various DAMPs, including DNA, are released during hepatic ischemia (55, 56) . In addition, IL-1β and IL-18, which are secreted following inflammasome activation, have been implicated as promoters of hepatic I/R injury (57, 58) . The precise interplay between TLRs and inflammasome pathways in DCs during sterile inflammation is unknown and warrants investigation.
This study does not rule out the possibility that other tissue-resident DCs exhibit similar properties. In fact, our adoptive transfer experiments highlight the protective benefit of spleen-derived cDCs in hepatic I/R. While the use of freshly isolated liver cDCs would have been ideal, low cell yield made this impractical. However, the observation that resident renal DCs potentiate kidney I/R injury (59) suggests that our findings on the protective role of cDCs might be liver specific. Tissue-resident DCs may undergo local conditioning and adapt their function to the surrounding environment. This notion is supported by data on the unique regulatory mechanisms exhibited by intestinal DCs (60) and our prior work highlighting functional differences between freshly isolated human liver and autologous blood DCs (18) . Another limitation of our study is that cDC depletion in the CD11c-DTR mouse is not confined to the liver. Consequently, we did not prove that the protective effects of cDCs during hepatic I/R are solely attributable to intrahepatic cDCs. Furthermore, after adoptive transfer cDCs accumulated in other organs besides the liver (data not shown), and thus we cannot definitively conclude that their effects were specific to the liver.
In addition to liver dysfunction, severe hepatic I/R injury induces a systemic inflammatory response that can result in multiple organ failure and death. By identifying cDCs as an important negative regulator of the inflammatory response in liver I/R, we provide evidence for what we believe to be a novel mechanism, by which the innate immune system can limit untoward tissue injury. Harnessing the antiinflammatory potential of cDCs via TLR9 may represent a novel approach to limiting I/R injury. Improved understanding of the complex interactions between DAMPs, pathogenassociated molecular patterns, and pattern recognition receptors on immune cells will promote the development of novel, more effective strategies to limit liver I/R injury.
Methods

Animals and procedures. CD45.2 C57BL/6 (B6)
, Il10 -/-, and WT CD45.1 mice (10-18 weeks) were purchased from The Jackson Laboratory. Tlr9 -/-(CD45.2; obtained from S. Akira, Osaka University, Osaka, Japan) and CD11c-DTR (The Jackson Laboratory) mice on a B6 background were bred at MSKCC. Ccr2 -/-mice on a B6 background were a gift from E. Pamer (Sloan-Kettering Institute, New York, New York, USA). For systemic cDC depletion, CD11c-DTR mice were injected i.p. with 4 ng DT per gram of body weight (D-0564; Sigma-Aldrich) 12-18 hour prior to I/R. In line with our prior experience, administration of DT did not deplete Kupffer cells (CD11b int F4/80 hi ) and hepatic CD11c int cells that included plasmacytoid DCs (CD11c int mPDCA + ) (15) . Depletion of Ly6C hi - and Ly6G-expressing cells was accomplished with i.p. injections of 500 μg anti-Gr1 antibody (RB6-8C5; Monoclonal Core Facility, Sloan-Kettering Institute) or isotype control (RatIgG2b; Monoclonal Core Facility, Sloan-Kettering Institute) 24 and 2 hours before I/R. Selective depletion of neutrophils was carried out with the same dosing regimen, using an Ly6G-specific antibody (1A8; BioXCell) or isotype control (RatIgG2a; BioXCell). In vivo expansion of DCs was accomplished with daily i.p. injections of 10 μg of recombinant human fms-like tyrosine kinase 3 ligand (Flt3L; Amgen) for 10 days. Blood was obtained by direct cardiac puncture for isolation of serum. All animals were maintained in a pathogenfree animal housing facility at MSKCC. All procedures were approved by the MSKCC Institutional Animal Care and Use Committee.
Model of liver I/R. A model of segmental (70%) warm hepatic ischemia was used, which is similar to that described previously (61) . Briefly, under ketamine (1 mg/ml) and xylazine (1 mg/ml) anesthesia, an upper midline abdominal incision was made. The liver was exteriorized, and the hilum was exposed. The vasculature supplying the left and median lobes (ischemic
Figure 8
Role of cDCs in hepatic I/R. Vascular occlusion involving 70% of the liver for 1 hour followed by 12 hours of reperfusion induces hepatocyte death. The release of host DNA activates hepatic cDCs through TLR9. The ensuing production of IL-10 by cDCs causes suppression of inflammatory monocytes that are recruited to the ischemic liver via CCR2. Reduced production of IL-6, TNF, and ROS by inflammatory monocytes lowers ALT levels and reduces liver injury. lobes) of the liver was occluded with a microvascular clamp (Roboz Surgical Instruments) for 60 minutes. Evidence of ischemia during the clamping period was confirmed by blanching of the ischemic lobes. Reperfusion was initiated by removal of the clamp, and gross evidence of reperfusion was confirmed by color change of the ischemic lobes. Sham mice underwent the same procedure without the application of a vascular clamp. All mice received 200 μl of sterile saline i.p. just prior to abdominal closure. The temperature during the procedure was maintained with the use of a warming pad and heating lamp. At the end of the observation period, mice were euthanized by carbon dioxide inhalation.
Assessment of liver damage. Hepatic injury after I/R was determined by measuring serum ALT levels, using the Olympus AU400 Chemistry Analyzer (Laboratory of Comparative Pathology, Sloan-Kettering Institute). Ischemic lobes were removed from mice immediately after sacrifice and fixed in 10% formalin. Samples were embedded in paraffin and cut to 5-μm-thick sections. Tissues were then stained with H&E, and the slides were assessed for inflammation and tissue damage, using an Axioplan 2 wide-field microscope (Zeiss).
Cell isolation and adoptive transfer. Liver NPCs were isolated as previously described, with minor modifications (62) . After the liver was harvested and processed, the supernatant was centrifuged (450 g for 5 minutes) to isolate NPCs. The NPCs were further enriched by a 40% (w/v) Optiprep (Sigma-Aldrich) density gradient per the manufacturer's protocol. The layer of low-density cells at the interface was harvested to obtain NPCs. CD45 + hematopoietic cells were isolated from NPCs by positive selection, using immunomagnetic beads as per the manufacturer's instructions (Miltenyi Biotec). WT hepatocytes were separated from NPCs following in situ perfusion with collagenase (type IV, 1 mg/ml; Sigma-Aldrich) and gentle mechanical disruption of liver tissue. This was followed by 5 cycles of centrifugation (50 g for 2 minutes), in which the pellet, containing hepatocytes, was separated from the supernatant. Hepatocyte purity exceeded 90%, as assessed by light microscopy. Bone marrow was collected from mouse femurs and tibias. Flt3L-expanded spleen cDCs were purified with anti-CD11c immunomagnetic beads, by passing the cells through 2 consecutive positive selection columns (Miltenyi Biotec). Purity was routinely greater than 93%, maturation was comparable to cDCs from splenocytes of unmanipulated mice (Supplemental Figure 4) , and cell viability was greater than 97% by trypan blue exclusion. Immediately following isolation and just prior to the initiation of liver I/R, 1 × 10 7 WT, Il10 -/-, or Tlr9 -/-freshly isolated spleen cDCs were injected i.v. into recipient mice. We chose to inject 1 × 10 7 cDCs i.v., as the number that end up in the liver approximates the number of cDCs within the liver of an unmanipulated mouse (i.e., 5 × 10 4 ; data not shown).
Flow cytometry. Flow cytometry and cell sorting was performed on a FACSAria (BD Biosciences). Fc receptors were blocked with 1 μg antiFcγRIII/II antibody (2.4G2; Monoclonal Core Facility, Sloan-Kettering Institute) per 10 6 cells. Cells were stained with fluorescence-conjugated antibodies to CD11c (clone HL3), CD11b (clone M1/70), Ly6C (clone AL-21), Ly6G (clone 1A8), CD40 (clone 3/23), CD80 (clone B7-1), CD86 (clone B7-2), and IL-10R (clone 1B1.3a) (all from BD Biosciences); MHCII (clone M5/114.15.2; eBioscience); and F4/80 (clone BM8; Invitrogen). Apoptosis and necrosis of liver cDCs was determined by staining cells with fluorescence-conjugated Annexin V and propidium iodide (PI; BD Biosciences) for 15 minutes. Depletion of cDCs from bulk NPC cultures (NPCs-cDCs) was accomplished via cell sorting. Post-sort purities were routinely greater than 96%. Intracellular cytokine staining was assessed following treatment of isolated CD45 + NPCs with Brefeldin A (1 μl per 10 6 cells; BD Biosciences) for 6 hours, using PE anti-mouse IL-6 (MP5-20F3; BD Biosciences), TNF (MP6-XT22; BD Biosciences), or IL-10 (JES5-16E3; BD Biosciences). Appropriate isotype controls were used when necessary. Data was analyzed using FlowJo software (Tree Star).
In vitro coculture assays. WT hepatocytes were rendered necrotic by incubation at 60°C for 60 minutes. Flow cytometry confirmed that more than 98% of hepatocytes (side scatter high) were necrotic (PI + ). Necrotic hepatocytes were plated at 5 × 10 6 cells/well in 96-well plates containing serum-free media (RPMI 1640, containing 10 mM Hepes, 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM l-glutamine; Media Preparation Core Facility, Sloan-Kettering Institute). Supernatant was harvested after a 12-hour incubation period at 37°C and was used as conditioned media in subsequent coculture assays. WT CD45 + NPCs, NPCs-cDCs, or purified cDCs from Flt3L-treated WT or Tlr9 -/-mice were cultured at 10 6 cells/ml or 5 × 10 6 cells/ml in standard RPMI 1640 media (Media Preparation Core Facility, Sloan-Kettering Institute) or in the presence of conditioned media for 18 hours. In additional experiments, iCpG (10 μg/ml; Invivogen) was added to cultures, or conditioned media was pretreated for 2 hour with DNAse I (100 μg/ml; Sigma-Aldrich) at 25°C.
Assays for oxidative burst and cytokines. Measurement of oxidative burst as gauged by the conversion of dihydrorhodamine (DHR) 123 to its oxidized form, rhodamine (R) 123, was determined by flow cytometry, using the Phagoburst Kit (Orpegen) according to the manufacturer's protocol. Ischemic liver CD45 + NPCs were cultured for 18 hours at a concentration of 10 6 cells/ml in RPMI media containing 10% FCS. Supernatant and serum cytokine levels were determined using a cytometric bead array (Mouse Inflammation Kit; BD Biosciences). None of the tested cytokines were detected in control wells containing conditioned media only (data not shown).
Statistics. All P values were generated from an ANOVA model representing the factorial design that was used in the corresponding experiment and were adjusted for multiple comparisons using simulation. This adjustment computes the adjusted P values from the simulated distribution of the maximum absolute value of a multivariate t random vector. P values of less than 0.05 were considered significant.
